The application of these boundary conditions, leads to a subset of 28 FLUXNET sites (Table 1) , 176 representing 72 site-years. They have a minimum of two years of both high quality flux 177 measurements and measured radiation data. The 28 sites have been selected to establish the basic 178 dataset used for the different procedures and analysis of which the results and conclusions are 179 reported in this paper. 180
The selected sites cover main global PFT's among which: CRO-Cropland; DBF-Deciduous 181 Broadleaf Forest; EBF-Evergreen Broadleaf Forest; ENF-Evergreen Needle-leaf Forest; 182 GRA-Grassland; OSH-Open Shrubland; WSA-Woody Savanna.The PFT's are defined as in 183 the International Geosphere-Biosphere Programme -IGBP (Loveland and Belward 1997 representing 20 site-years, (cited in Table S1 in the Supplementary data; validation sites). They 198 were used as an independent evaluation (validation) of NEE phenology compared with the more 199 common descriptors of phenology (i.e. fAPAR and EVI). These validation sites have been 200 selected because they have acquisitions of all radiation components required to derive fAPAR: 201 incident PAR at the top of the canopy (i.e. PAR in ) and below canopy PAR (PAR bc ).
More details on NEE phenology evolution are given in section 2.4.1. Two of the FLUXNET 203 validation sites (i.e. DE-Tha and FI-Hyy) have also been used as well, in the main analysis. 204
In-situ radiation measurements 205
The most commonly used instrument for the measurement of PAR in and PAR out at the flux tower 206 sites, is the quantum sensor. In a typical set-up at a FLUXNET site, an upward facing quantum 207 sensor is used to measure PAR in while concomitantly a downward facing sensor measures 208 outgoing PAR out . Measurements of respectively GLR in and GLR out , in the optical spectral range 209 (305 to 2800 nm) have been performed with two pyranometers, of which one faces upward to 210 measure GLR in , and the other faces downward to measure GLR out . More details on radiation 211 sensor set-ups at the FLUXNET sites are given by Balzarolo et al. (2011) . 212
Carbon flux measurements 213
Eddy covariance (EC) measurements of ecosystem CO 2 mass fluxes have been acquired from the 214 FLUXNET database (Baldocchi et al. 2001) . EC data are collected by the site manager according 215 to a standard procedure and provide to the FLUXNET database. Typically data are collected at 216 high sampling frequencies (at least at 10 Hz) and subsequently converted into mass fluxes 217 integrated over a thirty minute time interval. Here, we used gap-filled NEE data from FLUXENT 218 "La Thuile" database (www.fluxdata.org, October 2010) where half hourly data are processed 219 following the standardized methodology described in Papale et al. (2006) and Reichstein et al. 220 (2005) . In particular, the NEE data are storage corrected, spike filtered, u*-filtered, and 221 subsequently gap-filled. The datasets thus obtained typically correspond with a source area 222 footprint of hundreds of meters in the vicinity of the EC tower, depending on tower and 223 vegetation height (Schmid 2002 In-situ data are calculated as an average of five observations per hour before and after solar noon 236 (i.e. between 11h00 and 13h00 local solar time (LST)) for each of the 28 main sites. In-situ VI's 237 ( The quality assessment and control (QA/QC) of half-hourly radiometric measurements is 250 performed applying various physical limit tests. Typically, GLR in has to be less than the 251 corresponding extraterrestrial radiation (R ext ) at the same point in time (hence GLR in < R ext ). An 252 analysis of the statistical variability of the data (quantified by the standard deviation, σ) has been 253 performed as well in the QA/QC procedure. As a matter of fact GLR in can only be larger thanR ext for high latitude regions (hence, above the 65° Northern or 65° Southern latitudes) and only 255 under the condition that convective clouds are present (Yang et al. 2010) . Physically, at the 256 Earth's surface, GLR in when interacting with clouds and aerosols always drops to values lower 257 than R ext for all optical wavelengths. Henceforth, the Atmospheric Impact Ratio (AIR) or AIR = 258 GLR in /R ext must always be smaller or equal to unity, the last case only under exo-atmospheric 259 conditions. 260
The variation of AIR (σ AIR ) between two successive 30 minutes measurement intervals cannot 261 exceed 0.75. A smaller σ AIR value indicates a pyranometer failure. For example σ AIR will be 262 equal to zero when a pyranometer ceases to operate for a considerable period. Conversely, when 263 a pyranometer works intermittently, the variability of σ AIR becomes unrealistically high. Hence, 264
half-hourly radiometric acquisitions are flagged out for further use, when the following boundary 265 condition is met: 266
This QA/QC statistic is computed using half-hourly radiation measurements acquired between 268 sunrise and sunset. In-situ VI's as defined in Table 2 , are computed at half hour time intervals 269 from the radiometric data when these are not rejected by the QA/QC procedure criteria as 270 described above. 271
MODIS products 272
We used the 8-day 500 m surface reflectance product (MOD09G1, collection 5) from the 273 MODIS/TERRA satellite sensor/platform as provided by ORNL DAAC (see 274 http://daac.ornl.gov/cgi-bin/MODIS/GR_col5_1/mod_viz.html). MOD09G1 pixels matching the 275 coordinates of a FLUXNET site have been extracted. The VIs, as reported in Table 2 (eq. 5) 309
In eq. 5: 310 -1 is the position of the V curve part before an inflection point; 311 -2 is the rate of change of the variable curve before an inflection point; 312 -3 is the position of the V curve part after an inflection point and; 313 -4 is the rate of curve change after an inflection point. 314
The main phenological variables -the start and end of a growing season amplitude -are 315 determined by a threshold method as implemented in TIMESAT. A seasonal starting point (i.e. 316 SGS NEE for NEE; SGS MODIS for the MODIS VI's and SGS in-situ for in-situ VI's) is defined using 317 the double sigmoid function (see eq. 5) to determine the time point (in days) corresponding with50% of the V time-series amplitude height and defined as the distance between the time-series 319 left side minimal and maximal levels. The end of the a growing season is defined similarly, 320 starting however from the time-series right side minimum. 321
Evaluation of NEE phenology 322
For the nine sites listed in Table S1 in the Supplementary data, NEE fluxes are continuosly 323 measured, and the resulting SGS NEE date estimates are evaluated against a remote sensing 324 variable and index respectively, commonly used to estimate flux phenology, e.i.,fAPAR and 325 EVI. fAPAR is derived from both components of radiation (i.e. PAR in and PAR bc ) by using the 326 formula given by Monteith (1993) as: 327
where PAR bc is below canopy PAR and PAR in is incident PAR. The exponent with value 1.35, 329 accounts for the mean effect of the different absorptivities in the PAR and global solar radiation 330 spectral bands. QA/QC of the half-hourly PAR in and PAR bc data is performed applying the same 331 tests as used to checking the quality of all other radiation measurements used to calculated VI's 332 (see section 2.2). 333 EVI has been derived from the 8-day 500 m surface reflectance MODIS product (MOD09G1, 334 collection 5, being the same dataset used for the main analysis in this study) and is calculated 335 according to eq. 7: 336 = 2.5 * The performance of SGS MODIS and SGS in-situ estimates derived from different MODIS and in-situ 367 VI's intended to predict SGS NEE, has been investigated similarly to the procedures described 368 earlier in this chapter. However, the response variable selected for this case is SGS NEE . 369
To confirm the hypothesis that differences between SGS NEE and respectively the SGS values 370 derived from MODIS and in-situ VI's (i.e. SGS NEE -SGS MODIS and SGS NEE -SGS in-situ , 371 respectively) are related to VI seasonality, VI type and PFT properties, we applied a general 372 linear mixed effects model (GLMM). In this respect seasonality is represented by the amplitude 373 of a VI time-series evaluated with the TIMESAT software. Using the GLMM, a boundary 374 condition is that FLUXNET sites and measurement years are considered as random variables. 375
Time as a variable (i.e. measurement year) is spatially nested (i.e. FLUXNET sites are spatially 376 nested). The GLMM analysis is performed using the PROC MIXED routine implemented in 377 SAS (SAS 9.4; ©SAS Institute Inc., Cary, NC, USA).
Results 379

Comparison of SGS MODIS and SGS in-situ 380
For all PFT's, MODIS VI's predict the date of the start of season earlier in time than for the in-381 situ VI's (Table 3) , SGS in-situ vs. SGS MODIS correlations differ according to VI type (F=8.17; p 382 <0.0001, not shown in Table 3 nor Fig 1) . 383
Clearly, the SGS estimated using the NDVI elicits the highest correlation coefficient for MODIS 384 as well as in-situ observations ( Table 2 ), for all 414 PFT's, pooled (see Fig. 1 earlier than that of SGS NEE (see Table 5 ). 452
Non-significant correlations are found for the other in-situ VI's (except for the NDVI). Though 453 the SGS dates derived from the MODIS WRDVI performs satisfactory as well (Table 5 ; R 2 = 454 0.70). It predicts SGS dates 23-24 days earlier than the SGS NEE dates. GEMI shows the poorest 455 correlations (see Table 5 ). 456
For many PFT's, SGS NEE shows a higher correlation coefficient value with SGS MODIS than with 457 SGS in-situ , both SGS data derived from the NDVI (see Table 6 ). Woody savanna (WSA) elicits a 458 very good correlation between SGS NEE and SGS MODIS-NDVI and SGS in-situ-NDVI (see Table 6 ). 459
Nevertheless, only one site has been used for this PFT. 460
Note however, that SGS MODIS-NDVI based estimates for deciduous forest (Table 6: Table S3 and S4 in the Supplementary Data). 518
For grassland it is interesting to note that SGS MODIS and SGS in-situ are better correlated with 519 SGS NEE , when estimated with SAVI than with the NDVI (see Table S3 and S4 in Supplementary 520 Data). 521
522
GLMM analysis 523
To test the hypothesis that the prediction of the residuals of the SGS NEE date from MODIS and 524
in-situ VI's (i.e. SGS NEE − SGS MODIS and SGS NEE − SGS in-situ , respectively) are related to VI 525 seasonality, VI, PFT type and the variable amplitude (the difference between the maximum and 526 minimum value of a VI), a GLMM analysis was performed. 527
The results of the GLMM analysis of the residuals of the regression line between SGS NEE and 528 SGS MODIS reveals significant two way interactions between each of the three explanatory 529 variables (see Table 7 ). For in-situ data only the interaction effect PFT x VI significantly affects 530 the residuals of the SGS NEE vs. SGS in-situ relationship. The other interctions were not significant 531 and therefore they were not taken into account in the final model (amp*VI: angle. All VI's considered in this paper are computed using RED and NIR reflectances (see Table  573 2) from MODIS and in-situ acquisitions for 28 FLUXNET sites ( Table 1 ). In that respect in-situ 574 RED and NIR reflectances are acquired with two extremely broad spectral bands (400 to 700 nm 575 and 700 to 2800 nm, respectively). Wilson and Meyers (2007) report that a steep increase of in-576 situ VI's based on these broad RED and NIR bands indicates an increase of canopy greening 577 and/or vegetation cover at the canopy level. On the other hand, the MODIS sensor has a higher 578 spectral resolution than the in-situ pyranometers. Typically, the MODIS RED and NIR spectral 579 bandwidths span a spectral range from 620 to 670 nm and 841 to 876 nm respectively. This 580 difference in spectral resolution contributes to a difference in interpretation of the canopy 581 biophysical properties for a growing season, e.g. photosynthetic rate (Inoue et al. 2008) . 582
In addition, during greening, canopy reflectance in the PAR region (PAR ranges from 400 to 583 700 nm ) decreases due to an increase in PAR absorption by additional chlorophyll (and 584 photosynthesis) in the canopy due to new, emerging leaves (Ryu et al. 2008 ). Moreover, the 585 spectral signature of upwelling optical radiation in many PFT's changes due to a decreasing gap 586 fraction when time in the growing season progresses. Clearly, this is an issue of strong concern 587 and interest. NIR has a higher transmissivity in the canopy than RED and hence NIR reflectance 588 changes with canopy structure and largely opposite with respect to the PAR band (Ollinger et al. 589 2008) . 590
Another issue to be mentioned is the difference in IFOV for MODIS and the in-situ observations. 591
The IFOV of a sensor and its orbit or acquisition position determines the surface area covered by 592 the sensor. A large difference exists between respectively the MODIS and the in-situ IFOV's. No 593 need to state that this does affect comparability of top-of-the-canopy reflectance and hence the 594 derived VI values for both sensor types (i.e., MODIS and in-situ). The area acquired by MODIS 595
is 500 x 500 m per pixel, e.g. 250,000 m². This a much larger surface area covered than with a 596 flux tower mounted sensor, even when this camera has a large IFOV, because flux towers do not 597 exceed canopy height very significantly. This brings up the issue of the differences in tower and 598 canopy height, between the different flux tower sites. The different sites have fundamentally 599 different IFOV's for the for in-situ observations except when corrected for by sensor fore-optics, 600 so that a match between the MODIS IFOV and the tower sensor IFOV is obtained. This however 601 is never the case for the FLUXNET sites as there is no standard procedure defined to guarantee a 602 consistently equal IFOV. Typically, the in-situ sensors are positioned horizontally at 1 up to 10 603 m above the canopy top level and near the flux sensors (for more details see Balzarolo et al. 604 (2011)). The remotely sensed response originating from MODIS top-of-the-canopy VI's has a 605 IFOV of 120°and a FOV of 250,000 m². In the case of the tower sensors, the radiation reflected 606 by the canopy originates from an IFOV of about 120° as well. However, the maximum surfaceunderstanding physics underlying radiation measurements and data processing. Lastly, we thank 769 the anonymous referees and the editor for their constructive comments that improved this paper. 770 771
